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Electron paramagnetic resonance (EPR) and optical absorption spectral investigations have been carried
out on Fe3+ ions doped sodium borophosphate glasses (NaH2PO4–B2O3–Fe2O3). The EPR spectra exhibit
resonance signals with effective g values at g¼2.02, g¼4.2 and g¼6.4. The resonance signal at g¼4.2 is
due to isolated Fe3+ ions in site with rhombic symmetry whereas the g¼2.02 resonance is due to Fe3+
ions coupled by exchange interaction in a distorted octahedral environment. The EPR spectra at
different temperatures (123–295 K) have also been studied. The intensity of the resonance signals
decreases with increase in temperature whereas linewidth is found to be independent of temperature.
The paramagnetic susceptibility (w) was calculated from the EPR data at various temperatures and the
Curie constant (C) and paramagnetic Curie temperature (yp) have been evaluated from the 1/w versus T
graph. The optical absorption spectrum exhibits bands characteristic of Fe3+ ions in octahedral
symmetry. The crystal ﬁeld parameter (Dq) and the Racah interelectronic repulsion parameters (B and C)
have also been evaluated and discussed.
& 2010 Elsevier Ltd. All rights reserved.1. Introduction
In recent years, the interest in inorganic glasses containing
transition metal ions has grown because these glasses have
properties of technological importance in electronic, tunable solid
state lasers and ﬁber optic communication systems [1]. It is
known that sodium borophosphate glasses are of great techno-
logical interest [2,3]. Electrical conductivity and infra-red studies
on sodium borophosphate glasses have been reported by many
investigators [3–5] and these studies provided very informative
data on the nature of the work, i.e., the type and concentration
dependence of the variety of boron–oxygen arrangements.
Sodium borophosphate glasses were considered to be an excellent
host media for Fe3+ ions because of their attractive spectroscopic
characteristics.
Electron paramagnetic resonance (EPR) and optical absorption
studies are two important and useful techniques in understanding
the microscopic properties in glasses. Fe3+ ions are the most
thoroughly studied probes in glasses. Their EPR spectra are
typiﬁed by resonance signals at g¼4.2 and 2.0 that arise from
the isotropic transition within the Kramers’ doublets [6,7]. Changell rights reserved.
2(O);
560017, India.in the chemical composition of glass may change the local
environment of the transition metal ion incorporated into the
glass, leading to ligand ﬁeld changes, which may be reﬂected in
the optical absorption and EPR spectra. The EPR spectrum of
transition metal ions in phosphate glasses is an interesting
research subject and affords a method to investigate the glass
structure. EPR spectra of Fe3+ ions in various glasses have been
extensively studied [8–21]. It is reported that the trivalent iron
ions can take two different coordination sites, i.e., either
tetrahedral or octahedral sites in glasses.
In the present investigation, the authors have studied system-
atically the EPR and optical absorption spectra of Fe3+ ions for
different concentrations of sodium borophosphate glasses.2. Experimental
The starting materials used in the present work were analar
grade NaH2PO4, B2O3 and Fe2O3. The Fe
3+ ions doped sodium
borophosphate glasses of composition 40 NaH2PO4–(60x) B2O3–x
Fe2O3, where x¼5, 10, 15 and 20 (in mol%) have been prepared by
conventional melt quenching technique. Each batch was ﬁrst
sintered at 623 K for half an hour and then melted in an electric
furnace at 1273 K in air for approximately half an hour. The melt
was then quenched at 588 K by pouring it onto a polished porcelain
plate. The glasses formed were transparent and yellowish in colour.
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were made.
EPR spectra were recorded at room temperature on an EPR
spectrometer (JEOL-FE1X) operating in the X-band frequencies
with a ﬁeld modulation of 100 kHz. The microwave frequency was
kept at 9.205 GHz and the magnetic ﬁeld was scanned from 0 to
5000 G. The modulation amplitude and the microwave power
were 0.63 G and 5 mW, respectively. A powder glass specimen of
100 mg was taken in a quartz tube for EPR measurements. The
samples were encapsulated in order to avoid moisture effect prior
to measurements. EPR spectra of 40NaH2PO4–55B2O3–5Fe2O3
glass were recorded at different temperatures (123–295 K) using
a variable temperature controller (JES-UCT-2AX). A temperature
stability of 71 K was easily obtained by waiting approximately
half an hour before recording a spectrum at each temperature.
Optical absorption spectrum was recorded at room temperature
on a JASCO UV–vis–NIR spectrophotometer (model V-570) in the
wavelength region from 200 to 800 nm. The accuracy with which
the peaks were measured is 75 cm1.Fig. 2. EPR spectra of 5 mol% of Fe3+ ions doped in sodium borophosphate glass
samples at low temperature.3. Results
3.1. EPR studies
In undoped glasses no EPR signal is detected, which indicates that
there are no paramagnetic impurities in the starting materials. When
Fe3+ ions with different concentrations (5, 10, 15 and 20mol%) are
introduced into sodium borophosphate glasses the EPR spectra of
all the investigated samples exhibit resonance signals. Fig. 1 shows
the room temperature EPR spectra for different concentrations of
Fe3+ ions. These spectra have an intense resonance signal at g¼2.02
and a weak resonance signal at g¼4.2.
The EPR spectra of 40 NaH2PO4–5 Fe2O3–55 B2O3 glass samples
were recorded at different temperatures (123–295 K) and are
shown in Fig. 2. The spectrum has an intense resonance signal at
g¼2.02, a weak signal at g¼4.2, with a shoulder around gE6.4.
As the temperature is lowered the broad shoulder around gE6.4
predominates. When the temperature is increased, the intensities
of the resonance signal at g¼2.02 and g¼4.2 decrease in
accordance with the Boltzmann distribution law.Fig. 1. EPR spectra for various mol% of Fe3+ ions in sodium borophosphate glass
samples at room temperature.
Fig. 3. Concentration dependence of linewidth for the resonance signal at g¼2.02
in sodium borophosphate glass samples.Fig. 3 shows the concentration dependence of linewidth for
g¼2.02 absorption line of 40 NaH2PO4–(60x) B2O3–x Fe2O3
(x¼5, 10, 15 and 20 mol%) glass samples. Here the linewidth (DH)
increases with increase in iron oxide concentration.
The population of spin levels (N) participating in resonance can
be calculated using the area under the absorption curve of the signal
with the help of a reference (CuSO4 5H2O) using the formula [22]
N¼ AxðScanxÞ
2GstdðBmÞstdðgstdÞ2½SðSþ1ÞstdðPstdÞ1=2
AstdðScanstdÞ2GxðBmÞxðgxÞ2½SðSþ1ÞxðPxÞ1=2
Std
  ð1Þ
Fig. 4. A plot of the log Ng¼2.02 against 1/T for Fe3+ ions doped in sodium
borophosphate glass samples.
Fig. 5. A plot of the reciprocal of susceptibility (1/w) as a function of absolute.
temperature (T) for 5 mol% of Fe3+ ions doped in sodium borophosphate glass
sample.
Fig. 6. Optical absorption spectrum of 40 NaH2PO4–50 B2O3–10 Fe2O3 glass
sample at room temperature.
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detail by Weil et al. [22]. The subscripts ‘x’ and ‘std’ represent
the corresponding quantities for the Fe3+ ion in the sample and
the reference CuSO4 5H2O.
The population of spin levels participating in resonance can be
determined by the numerical double integration method. The
population of spin levels participating in the resonance signal at
g¼2.02 in sodium borophosphate glasses was calculated for
different temperatures and is shown in Fig. 4.
The magnetic susceptibility (w) of the paramagnetic ion Fe3+
has been calculated at different temperatures using the expres-
sion [23]
w¼ Ng
2b2JðJþ1Þ
3kBT
ð2Þ
where N is the population of spin levels/kg, which can be
calculated from Eq. (1) and J¼5/2. The rest of the symbols have
their usual meaning. Determining the spin susceptibility from EPR
data has several advantages over a static measurement, where a
diamagnetic contribution must be subtracted. Since the intensity
of the resonance signal at g¼2.02 is more than the resonance
signal at g¼4.2, the authors have used g¼2.02 in Eq. (2) in
calculating the magnetic susceptibilities at various temperatures.
A plot of the reciprocal of paramagnetic susceptibility (1/w) and
absolute temperature (T) for the resonance signal at g¼2.02 is
shown in Fig. 5.3.2. Optical absorption studies
The optical absorption spectrum of 10 mol% Fe3+ ions in
sodium borophosphate glass sample at room temperature is
shown in Fig. 6. The spectrum exhibits four bands centered at
22,990 cm1 (435 nm), 25,380 cm1 (394 nm), 26,560 cm1
(376 nm) and 27,780 cm1 (360 nm). These bands are denoted
as A, B, C and D, respectively. The observed band positions are
comparable with those found for many hosts containing iron ions,
which indicates that iron ions are present in the trivalent state
with distorted octahedral symmetry [24–32].4. Discussion
4.1. EPR studies
Fe3+ ions belong to the d5 conﬁguration and it has 6S as ground
state in free ion, and there is no spin–orbit interaction [33]. The g
value is expected to lie very near the free ion value of 2.0023.
However a g value very much greater than 2.02 often occurs, in
particular an isotropic g value at 4.2 occurs, and these large g values
arise when certain symmetry elements are present. The theory of
these large g values is usually expressed by the spin Hamiltonian [34]
H¼ bg:H:SþD S2z
1
3
SðSþ1Þ
 
þEðS2xS2y Þ, ð3Þ
where S¼5/2, Sx, Sy, Sz are components of spin along three mutually
perpendicular crystalline axes x, y and z, D and E are the usual
Table 1
The observed and calculated energies for Fe3+ ions in 40 NaH2PO4–50 B2O3–10
Fe2O3 glass sample at room temperature (Dq¼900 cm1, B¼760 cm1 and
C¼3040 cm1; a¼90 cm1).
Band Transition from
6A1g (S) to
observed Calculated wave
number (cm1)
wavelength
(nm)
wave number
(cm1)
A 4T2g (G) 435 22990 22180
B 4A1g (G),
4Eg (G) 394 25380 24567
C 4T2g (D) 376 26560 26966
D 4Eg (D) 360 27780 28693
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and H is the applied magnetic ﬁeld.
When Fe3+ impurity complexes are situated in the crystal ﬁeld
with a large axial component, the free ion 6S state splits into three
Kramers’ doublets 971/24 , 973/24 and 975/24 with separa-
tions usually greater than the microwave quantum. Normally, the
selection rules permit EPR transitions in the 971/24 doublet
with g¼2.02 and gE6.4 [6,7]. In a large number of glasses and
other Fe3+ ions containing materials, a symmetric and isotropic
line at gE4.0–4.2 is observed. Castner et al. [35] explained it as
arising from the middle Kramers’ doublet containing admixture of
different 97mj4 states, which are caused by the presence of low
symmetry term E (Sx2-Sy2) in the Hamiltonian.
The EPR spectra of Fe3+ ions in glasses have usually been
observed near g¼4.2 and g¼2.0 [33,35,36]. In some cases, the
resonance signal near g¼6.4 was also observed [33,35,37] as a
shoulder at g¼4.2 and g¼2.02 that arises from Fe3+ ions in
tetrahedral and octahedral coordinations. Kurkjian and Sigety [38]
have shown that the resonance signals at g¼4.2 and 2.02 cannot
be used as a direct indication of coordination number for Fe3+
ions and suggested that the g¼4.2 resonance signal is due to low
symmetry sites of either tetrahedral or octahedral coordinations.
This interpretation was supported by Loveridge and Parke [33].
Some studies on biological systems [39,40] have indicated the
existence of Fe3+ ion in distorted octahedral symmetry only, yet
their EPR spectra exhibited a resonance signal at g¼4.2. Moon
et al. [41] ruled out the above interpretation and they concluded
that the g¼4.2 resonance could arise from the distorted
octahedral and from the distorted tetrahedral as well. Further-
more, they ascribed the g¼2.02 resonance signals due to clusters
of paramagnetic Fe3+ ions containing two or more ions coupled by
exchange interactions.
Ardelean et al. [14] and Castner et al. [35] observed resonance
signals at g¼4.2 and gE6.4 and these signals have been
attributed to the isolated Fe3+ ions in rhombic and axial
symmetry sites, respectively. The resonance signal at g¼2.02 is
due to Fe3+ ions coupled by exchange interaction in a distorted
octahedral environment [14,35].
From Fig. 1, one can observe that as Fe2O3 content is increased
beyond 10 mol%, the signal at g¼4.2 begins to disappear and a
broad signal at g¼2.02 develops. This may be due to the
formation of iron pairs (clusters) by spin–spin interaction
containing two or more paramagnetic ions [14]. In the present
work, the resonance signals observed at g¼4.2 are attributed to
the isolated Fe3+ ions in axial symmetry, and the resonance
observed at g¼2.02 is attributed to the formation of iron clusters
by spin–spin interaction.
Fig. 2 shows that when the temperature is increased, the
intensity of the resonance signal at g¼2.02 and g¼4.2 decreases
in accordance with the Boltzmann distribution law. And also the
linewidths are found to be independent of temperature. From
Fig. 3, it is seen that as the concentration of the Fe3+ ions
increases, the linewidth of the resonance line also increases. The
nonlinear behavior shown in Fig. 3 can be attributed to the
process by which iron enters in the vitreous matrix, i.e., either as
Fe3+ or as Fe2+. Fe2+ ions are not involved in the EPR absorption
but its interactions with Fe3+ inﬂuence the characteristics of the
absorption line. As the concentration of the sample increases
there is a slight shift in the g value towards the lower magnetic
ﬁeld side. The resonance signal at g¼2.02 is attributed to the
formation of clusters.
From Fig. 4, it is seen that as the temperature is lowered the
population of spin levels increases and a linear relationship
between log N and 1/T is observed. This is the phenomenon that
can be expected from the Boltzmann law. The activation energy
can be calculated from the slope of the straight line. Theactivation energy thus calculated is found to be 0.01 ev. This is
of the same order as expected for a paramagnetic ion [42].
A graph between the reciprocal of susceptibility against
absolute temperature is shown in Fig. 5. With increasing
temperature, the susceptibility of the sample decreases, obeying
the Curie–Weiss law. From the graph the Curie constant
(650103 emu mol1) and Curie temperature (108 K) have
been evaluated. The Curie constant and Curie temperature
evaluated in the present work are in the order expected for the
paramagnetic ion [43].4.2. Optical absorption studies
The ground state electronic conﬁguration for Fe3+ ion is (Ar)
3d5. In a cubic crystal ﬁeld at low to moderate strength, these ﬁve
d electrons are distributed in the t2g and eg orbitals with three in
the former and two in the latter. Thus the ground state
conﬁguration gives rise to the electronic states 6A1g,
4A1g,
4Eg,
4T1g,
4T2g,
4A2g and to a number of doublet states of which
6A1g lies
lowest, according to Hund’s rule. The observed absorption bands
are all from the ground state 6A1g to some quartet states and are
both spin and parity forbidden.
An interesting feature of Fe3+ complexes is that a number of
bands of this ion are in the visible and ultraviolet regions; some of
these bands are sharp while some of them are quite broad.
Generally the 6A1g (S)-
4A1g (G),
4Eg (G) and
6A1g (S)-
4T2g (D)
bands are sharp. Ligand ﬁeld bands are sharp, when the energy
expressions for transitions are independent of Dq because the
number of t2g electrons is the same in the both the excited and
ground states [44]. The transition 6A1g (S)-
4T2g (G) bands are
observed to be quite broad since there is a change of conﬁguration
from (t2g)
3 (eg)
2 to (t2g)
4 (eg)
1 [45]. From the Tanabe–Sugano energy
level diagram given for d5 conﬁguration, the bands observed at
22,990 cm1, 25,380 cm1, 26,560 cm1 and 27,780 cm1 have
been assigned to the transitions 6A1g (S)-
4T2g (G);
6A1g(S)-
4A1g (G),
4Eg (G);
6A1g (S)-
4T2g (D) and
6A1g (S)-
4Eg (D), respectively.
The observed band positions are characteristic of Fe3+ ions in the
distorted octahedral environment [24–32].
The energy matrices inclusive of Trees correction [46] are
formed by adding the appropriate Trees correction parameter (a)
to the energy matrices of d5 conﬁguration in a cubic ﬁeld given by
Tanabe and Sugano [45]. Diagonalising the energy matrices
inclusive of Trees correction (a), the crystal ﬁeld parameter
Dq¼900 cm1 and Racah inter-electronic repulsion parameters
B¼760 cm1 and C¼3040 cm1 have been evaluated.
The observed and calculated band positions along with their
assignments are given in Table 1. The crystal ﬁeld parameter
obtained in the present work is consistent with those for high spin
octahedral Fe3+ ions [47]. The value of inter-electronic repulsion
parameter B (760 cm1) obtained in the present work is far away
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bonding is moderately covalent.5. Conclusions
The EPR spectra of all the investigated samples exhibit two
resonance signals at g¼4.2 and g¼2.02 at room temperature. The
resonance signal at g¼4.2 has been attributed to isolated Fe3+
ions in rhombic symmetry site, whereas the resonance signal at
g¼2.02 is due to Fe3+ ions coupled by exchange interaction in a
distorted octahedral environment. At low temperature a weak
resonance signal at g¼6.4 is also observed, and it has been
assigned to isolated Fe3+ ions in rhombic symmetry site. The
linewidths are found to be independent of temperature. The
intensity of the resonance signals decreases with increase in
temperature, in accordance with the Boltzmann law. The para-
magnetic susceptibilities are calculated at different temperatures
using EPR data. From the plot between the reciprocal of
susceptibility (1/w) and absolute temperature (T) for the reso-
nance signal at g¼2.02, the Curie constant and Curie temperature
have been evaluated. The optical absorption spectrum of sodium
borophosphate glasses exhibits four bands characteristics of Fe3+
ions in an octahedral symmetry. The crystal ﬁeld parameter Dq
and Racah inter-electronic repulsion parameters B and C have
been evaluated. The value of inter-electronic repulsion parameter
B obtained in the present work suggests that the bonding is
moderately covalent.Acknowledgements
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